The foveal tenderness test is performed by the examiner placing direct pressure with the thumb in the soft spot between the patient's flexor and extensor carpi ulnaris tendons, proximal to the pisiform.
U lnar impaction syndrome (UIS)
is a common cause of ulnar-sided wrist pain caused by pathologic loading across the ulnocarpal joint. This increased load is often due to increased length of the ulna relative to the radius at the wrist (ie, ulnar positive variance). 1 Secondary features may include central degenerative tears of the triangular fibrocartilage disk, changes in the ulnar aspect of the lunate bone (eg, edema, chondral damage, cyst formation), and tearing of the lunotriquetral interosseous ligament.
After unsuccessful nonoperative treatment (eg, rest, activity modification, nonsteroidal anti-inflammatory drugs, or local corticosteroids), operative treatment generally involves shortening the ulna. Two common surgical options are the wafer procedure, whereby a portion of the articular surface is excised, and the ulnar-shortening osteotomy (USO), whereby a more proximal (diaphyseal) segment is excised, thus preserving the distal articular surface. 2 First described by Milch, 3 the USO for UIS has been well documented in the medical literature. Numerous biomechanical studies have examined the resulting changes in loading conditions in the distal radioulnar joint (DRUJ) and in the ulnocarpal joint, as well as in the supporting soft tissue structures. [4] [5] [6] Various techniques have been described, including transverse, oblique, sliding, and step-cut osteotomies. [7] [8] [9] Ideally, a cuff of bone is resected, leaving 2 broad cut surfaces that can unite effectively. 10 Compared with the transverse osteotomy, the oblique osteotomy produces a greater surface area of bone for healing (40% more for a 45° osteotomy), allows for placement of an interfragmentary compression screw, and makes it easier to control rotational alignment of the cut bones. 11 However, making 2 perfectly parallel oblique cuts to remove a defined thickness of bone without a cutting jig or guide can be technically challenging. The current authors report on the long-term results of a shortening technique using an oblique osteotomy that does not require a custom jig or specialized plates yet can yield a certain amount of shortening, good bony apposition, and a predictably high rate of union.
Materials and Methods
After approval from the Mayo Clinic Institutional Review Board, the medical records of 21 patients (23 wrists) who were identified from the institutional database as having undergone a USO between 2000 and 2010 were evaluated retrospectively. All patients had previously consented to the use of their medical records for research purposes. There were 15 women and 6 men with an average age of 45 years (range, 16 to 73 years).
The dominant wrist was involved in 20 (87%) of 23 cases and the nondominant wrist was involved in 3 (13%). All 23 wrists were determined to have UIS on the basis of clinical and radiographic evaluation. In addition, 2 wrists had symptomatic DRUJ instability, and 1 wrist had symptomatic extensor carpi ulnaris subluxation. Four patients had radial shortening as a result of a radial fracture malunion, resulting in symptomatic positive ulnar variance.
Physical examination demonstrated a positive ulnocarpal impingement test (ulnar-sided pain with passive wrist ulnar deviation combined with forearm pronation and supination) in 18 (86%) of 21 wrists (2 tests were not documented) or a positive foveal tenderness test in 21 (91%) of 23 wrists. 12 This latter test is performed by placing direct pressure in the soft spot on the volar-ulnar aspect of the wrist between the flexor carpi ulnaris tendon and the extensor carpi ulnaris tendon just proximal to the wrist flexion crease (Figure 1) .
Preoperatively, average wrist flexion was 64° (range, 20° to 70°), average extension was 65° (range, 30° to 70°), average supination was 70° (range, 50° to 80°), and average pronation was 78° (range, 70° to 80°). Preoperative grip strength was 25 kg (range, 2.2 to 75.0 kg) in the involved extremity vs 32 kg (range, 1 to 80 kg) in the uninvolved extremity.
Preoperative, neutral, nongrip posteroanterior radiographs demonstrated positive ulnar variance in 21 (91%) of 23 wrists, with an average of +2.1 mm (range, 0.0 to 4.0 mm). Two (9%) of the 23 wrists were ulnar neutral. Pronated-grip posteroanterior radiographs revealed an average ulnar variance of +2.9 mm (range, 1.4 to 4.1 mm).
Ulnar variance was measured by drawing a line from the distal ulnar aspect of the radius across to the ulna; a perpendicular line was then drawn to the distal end of the ulna (Figure 2) . The length of this perpendicular line was measured in millimeters. This method has been validated for inter-and intraobserver reliability. 13 Five (22%) of 23 wrists were noted to have a reverse oblique configuration of the sigmoid notch of the radius on the posteroanterior view, which did not influence the decision for, or the amount of, ulnar shortening by this method (Figure 3) . Mag- netic resonance imaging was performed in 16 (70%) wrists. In 14 (88%) of the 16 studies, a tear was identified involving the triangular fibrocartilage complex (TFCC). Additional degenerative changes, including edema or cyst formation of the ulnar aspect of the lunate bone, was appreciated in 7 (44%) of the 16 studies. Two of the 21 patients (3 wrists) were active smokers.
After failure of nonoperative treatment, including oral nonsteroidal antiinflammatory drugs, corticosteroid injections, and splinting, 22 of 23 wrists underwent diagnostic arthroscopy of the radiocarpal and midcarpal joints. The patient who did not have arthroscopy had concomitant DRUJ instability. As part of the arthroscopic procedure, debridement of a central, degenerative TFCC tear was performed in 12 (55%) wrists, debridement of a radial TFCC tear was performed in 2 (9%) wrists, and repair of a peripheral, ulnar-sided TFCC tear was performed in 6 (3%) wrists. An ulnotriquetral ligament tear was repaired in 1 wrist. Unstable lunate chondral flaps were debrided, and the lunotriquetral ligament was carefully inspected and probed. Seven (35%) of 20 wrists were noted to have a complete tear of the lunotriquetral ligament, which was treated with arthroscopic debridement. In 13 (65%) of 20 wrists, the lunotriquetral ligament was found to be intact. There was no documentation on the status of the lunotriquetral ligament in 2 wrists. One of 22 wrists had no obvious TFCC tear but had a chondral defect on the lunate and a lunotriquetral ligament tear.
Following the wrist arthroscopy, a USO was performed during the same operative setting. The decision to perform the osteotomy was based on a clinical impression of ulnocarpal abutment from a combination of patient complaints, physical examination, radiologic findings, and arthroscopic evaluation ( Table  1) . The goal was to achieve a final ulnar variance of -1 mm. A longitudinal incision was made on the ulnar border of the forearm, between the flexor carpi ulnaris tendon and the extensor carpi ulnaris tendon. Periosteal dissection was minimal to preserve the blood supply to the ulna. A 7-hole, 2.7-or 3.5-mm locking dynamic compression plate (DCP) was selected on the basis of intraoperative assessment of the size of the ulna. Early in the study, prior to the commercial availability of the 2.7-mm locking DCP (n=8), the 3.5-mm plate (n=15) was used routinely.
The DCP was positioned along the distal one-third of the ulna and held in place with clamps. The distal-most hole in the plate was drilled, and a screw was inserted halfway to allow the DCP to be swung out of the way. Before the plate was swung away from the bone, a unicortical drill hole was made through the most proximal hole on the plate to mark the correct rotational alignment after completion of the osteotomy. An oblique osteotomy was performed an average of 6.8 cm (range, 5.2 to 9.7 cm) from the distal end of the ulna. On the basis of the calculated amount of ulnar shortening desired (using nongrip, neutral posteroanterior wrist radiographs) to reach a final ulnar variance of -1 mm, a cut was made at either 45° or 60° to the long axis of the ulna. Under continuous saline irrigation to prevent heat necrosis, the cut was made along the midaxillary line of the ulna so that the plate rested on the dorsal surface. These angled osteotomy cuts were made on the basis of the earlier published technique of Labosky and Waggy, 14 whereby shortening (S) of the ulna is determined by the width of the bone removed (W) (equal to the thickness of the cuff [C] of removed bone plus twice the width, or kerf [K], of the saw blades) and the angle (cosine u) of the oblique cut (Figures 4-5 ). Essentially, with use of the formula S=W/cosine u, an osteotomy made at 45° results in a shortening 1.5 times the thickness of the bone cut achieved, whereas one made at 60° would shorten by 2 times the thickness of the initial bone cut.
Initially, 2 blades were used to superficially score the ulnar cortex at the desired angle to achieve the proper amount of estimated shortening (Figure 6 ). For example, for 4 mm of shortening, a 2-mmwide cut (K) could be made at a 60° angle. ( Instruments, Kalamazoo, Michigan].) Others can customize a table by measuring the saw Ks created when using 1, 2, or 3 stacked blades available at their institution to create a similar table ( Figure  7) . It is important to do this because the thickness of the K is larger than the thickness of the blade (0.4-mm thickness for the blade used in the current study) due to saw tooth set and excursion (wobble) of the blade within the saw chuck while the cut is being made. Once the Ks are known for each combination of blades, simply increase the width by 1.5 times for a 45° osteotomy cut or by 2 times for a 60° osteotomy cut.
The estimated intraoperative osteotomy cut was made at 45° in 5 ulnas and at 60° in 17; it was not recorded in 1 patient. However, when measured radiographically with a digital goniometer on the postoperative radiographs, the actual average osteotomy (cut) angle was 44° (range, 34° to 58°) for the 45° group and 43° (range 24° to 59°) for the 60° group. Two stacked blades were used in 14 osteotomies, 3 blades were used in 7, and there was no documentation in 2 (Figure 8) . The 45° cuts were always made with 3 stacked blades, whereas the 60° cuts used 2 or 3. Fifteen osteotomies were fixed with a 3.5-mm DCP, and 8 were secured with a 2.7-mm DCP. The decision to use a 3.5-mm DCP or a 2.7-mm DCP was based on availability because 2.7-mm DCP plates were not routinely available in the early years of the study. The osteotomy was reduced and secured in place with bone-plate clamps. Compression across the osteotomy was achieved by loading 1 screw on each side of it in compressive mode, then tightening the originally placed distal screw. The proximal-most screw was then placed, followed by the remaining screws. Finally, a lag screw was placed across the osteotomy through the middle hole on the plate (Figure 9 ). Intraoperative ulnar variance (true posteroanterior and lateral) views were obtained using physicianguided mini-C-arm fluoroscopic imaging. For these views, the radiograph beam was centered on the wrist, with the arm held in 90° of shoulder abduction, the elbow in 90° flexion, and the forearm in neutral rotation.
When the osteotomy was combined with simple arthroscopic TFCC debridement, a sugar-tong splint was applied on completion, and patients underwent hand therapy 3 to 5 days postoperatively before transitioning to a resting volar wrist splint and starting active range-of-motion exercises of the forearm, wrist, and digits. At 6 weeks, the splint was discontinued, and light grip and pinch-, forearm-, and wrist-strengthening exercises were initiated. Patients who had TFCC or ulnotriquetral ligament repair were transitioned to a long-arm cast after 5 days, with the forearm in neutral rotation for 6 weeks, then transitioned to a resting sugar-tong splint for an additional 6 weeks while they regained active motion. Patients were allowed to resume full unrestricted activities once bony union had been confirmed radiographically by cortical bridging across the osteotomy site on all views. All pre-and postoperative radiographs were viewed on a digital picture archiving and communication system, and all length measurements were made using digital software on magnified images, which yielded accurate and precise measurements of ulnar variance.
results
For all 21 patients (23 wrists), average postoperative follow-up was 23 months (range, 3 to 54 months). Average active range of wrist motion was as follows: flex- : An intraoperative measurement is made to confirm the kerf after superficially scoring the cortex with the number of blades determined to achieve the calculated amount of shortening based on the chart shown in Table 2 . The most frequent complication was painful hardware. In 23 wrists, 10 (43%) plates were removed, resulting in complete pain relief. Three (38%) of the eight 2.7-mm DCPs and 7 (47%) of the fifteen 3.5-mm DCPs were removed. Two additional patients had painful hardware (1 of each size DCP), but both declined removal. Of 2 patients who complained of unsightly, hypertrophic surgical scars, 1 underwent revision at the time of hardware removal.
In 1 patient, a deep infection developed that required operative debridement and a 6-week course of intravenous antibiotics. In another patient, a superficial infection that developed after hardware removal was treated with oral antibiotics. Both infections resolved uneventfully. Two other patients required a corticosteroid injection for symptomatic extensor carpi ulnaris tenosynovitis. Ulnar-sided wrist pain, foveal tenderness, and pain with the ulnocarpal abutment maneuver were relieved in all but 1 patient, who had mild radiocarpal arthritis.
discussion
In 1996, Labosky and Waggy 14 described the surgical technique of stacking saw blades to achieve a certain K and the use of an angled osteotomy to achieve a predetermined amount of ulnar shortening in cadavers. In 2009, Sraj and Budoff 11 repeated this cadaveric study with 3 contemporary, commercially available blades but used a cutting jig rather than an estimated freehand cut. However, to the current authors' knowledge, no clinical results using the technique they describe have been published. The authors' data show that the union rate compares favorably with that reported in the published medical literature; their review of 11 studies identified 4 (1.8%) nonunions in 224 osteotomies. 10, [15] [16] [17] [18] [19] [20] The authors demonstrated a radiographically documented bony union rate of 100% with this technique.
Significant advantages of this technique are that it does not require special jigs and uses readily available saw blades (no specific brand or size required) and standard DCPs. The cost of using jig systems or custom plates can be considerably more expensive per osteotomy. The cost of a single saw blade is less than $20. The authors are not questioning the advantages or effectiveness of the other systems that use jigs and custom plates, yet the authors' technique may be worth considering when such systems are unavailable or cost prohibitive. In a medical climate increasingly concerned with reducing costs, it is worthwhile to consider options that might reduce costs without sacrificing outcomes.
The amount of shortening achieved with this technique is fairly precise and reasonably predictable. The authors' intraoperative calculations (cut width divided by the cosine of the osteotomy angle) estimated the average amount of ulnar shortening to be 3.3 mm, but the actual average amount of radiographic shortening (calculated by subtracting postoperative from preoperative ulnar variance on plain radiographs) was 2.8 mm (18% less than anticipated from their calculations). One explanation for this variance may be the inability to make an exact 45° or 60° angled osteotomy cut by a freehand (visual estimation) technique, as was used in the current study. In fact, when the angles of the osteotomy cuts were measured with a digital goniometer on the postoperative radiographs, the average error (between the freehand osteotomy angle estimated intraoperatively and the measured osteotomy on the postoperative radiograph) was 8.6° (range, 0° to 15°). The 60° group had a much greater actual error (average, 17°) than the 45° osteotomy group (average, 1°). On the basis of these data, the authors now measure the osteotomy angle (relative to the shaft of the ulna) intraoperatively with a sterile goniometer after the cortex has been superficially scored. If the measured angle is not what is desired, a simple correction can be made before making the final cut. Adding this step may reduce or eliminate some of the variance inherent with the freehand technique. Nonetheless, an average measurement error of 18% (0.5 mm) had no negative clinical effect on the 23 wrists in this study, and other authors have shown that a routine shortening of 2 to 3 mm, or correction to neutral ulnar variance, is adequate for pain relief in UIS. 4, 6, 15 However, if more precise shortening is required for other clinical applications, the use of a sterile goniometer is recommended to confirm the accuracy of the angled osteotomy cut after initial scoring of the cortex.
In addition to excellent radiographic outcomes (ie, predictable bony union and correction of ulnar variance), clinical outcomes were good. Active range of motion (wrist flexion and extension and forearm supination) improved slightly, whereas pronation remained unchanged from preoperative measurements. Grip strength of the involved hands also improved slightly (25 vs 27 kg). Although patients were cautioned preoperatively about the likelihood of symptomatic (painful) hardware, it was a clinically significant problem, with 10 (43%) of the 23 plates requiring removal; 2 additional plates remained symptomatic but the patients declined surgical removal. Surprisingly, the 3.5-mm DCP plates had only a slightly increased removal rate compared with the 2.7-mm plates (47.5% vs 38%). Other authors have reported this problem as well. 21, 22 Darlis et al 9 reported a 10% (3/29) incidence of necessary hardware removal in their patients, but the plates were positioned on the volar, rather than the dorsal, surface of the ulna. Twenty of the 23 wrists in the current study ultimately had complete resolution of ulnar-sided wrist pain, 2 had symptomatic hardware (hardware removal declined), and 1 had symptomatic progression of radiocarpal arthritis. All plates were applied dorsally in this study group simply as a matter of personal preference, as well as ease of exposure. However, volar placement of the plate may be a reasonable alternative that may lessen the risk for late removal of symptomatic hardware, also lowering overall cost. Currently, the authors routinely use a 2.7-mm DCP plate.
Some authors have expressed concern about USO, recommending that it be approached with caution, or be limited in extent, in patients with a reverse obliquity, or orientation, of the DRUJ because of possible negative influences on joint congruity and biomechanical loading. 21, 23, 24 However, in the current series, no adverse outcomes were appreciated in this subgroup of wrists. The average amount of ulnar shortening in the subgroup was 2.7 mm (range, 2.0 to 3.3 mm), irrespective of the DRUJ morphology delineated by Tatebe et al. 25 In patients in the current study with follow-up of more than 2 years, no arthritic changes in the DRUJ have been identified radiographically.
In patients with isolated lunotriquetral ligament tears, Mirza et al 26 noted excellent (51%), good (32%), and fair (17%) results after treatment with a 2.5-mm oblique USO alone. The proposed mechanism is stabilization of the lunotriquetral articulation through tightening the extrinsic ulnocarpal (ulnolunate and ulnotriquetral) ligaments. 27 In 7 of the current authors' patients, the lunotriquetral ligament tear was treated with arthroscopic debridement and an average 2.4-mm USO (range, 0 to 3.3 mm) with similar results: 3 excellent, 2 good, and 2 fair.
Palmer and Werner 4 demonstrated that 2.5 mm of ulnar shortening resulted in a decreased load on the distal ulna from 18% to 4%. Loh et al 15 suggested that correction to neutral is sufficient in patients with positive ulnar variance. The current authors' goal was to shorten the ulna to neutral to -1.0 mm relative to the radius. The average final ulnar variance (measured radiographically) was -0.6 mm. With respect to the stabilizing effects of the USO on the ulnocarpal joint and the DRUJ, other authors have reported that 3 mm may be adequate and that shortening of more than 4 mm may increase peak pressures in the DRUJ. 6 The average amount of ulnar shortening (measured radiographically) in the current study was 2.8 mm. The largest amount of shortening was 4 mm in 1 patient, who did not report pain and had no radiographic evidence of DRUJ arthritis at 29 months postoperatively.
conclusion
Although this study is limited by its retrospective nature and small sample size, the results demonstrate that a USO made with a single oblique cut using stacked saw blades is a cost-effective and clinically useful method for the surgical treatment of UIS. Although the intraarticular pathology varied among the patients in this study, the authors' main objective was to determine whether this method of diaphyseal ulnar shortening was clinically effective. They believe that the data support its use and that this technique may be applicable for shortening osteotomies of other long bones and warrants further investigation.
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